We estimate the near-surface velocity distribution over a wadi in Saudi Arabia by applying early arrival waveform inversion (EWI) to shallow seismic land data collected with source-receiver offsets no longer than 232 m. This data set is collected at Wadi Qudaid with the purpose of characterizing the shallow subsurface for its water storage and reuse potential. To enhance the accuracy of EWI, we extracted a natural source wavelet from the data, and also corrected for the attenuation effects with an estimated factor Q. Results suggest that, compared to traveltime tomography, EWI can generate a highly resolved velocity tomogram from shallow seismic data. The more accurate EWI tomogram will make an economically important difference in assessing the storage potential of this wadi, in this case we find an increase of 18% of storage potential in the EWI tomogram relative to the traveltime tomogram. This approach suggests a better way for economic characterization of wadis' characterization throughout the world.
Introduction
Full waveform inversion (FWI) (Tarantola, 1984) is an effective method for reconstructing highly resolved models of the earth's velocity distribution. It can be implemented in either the space-frequency (Pratt et al., 1998) or the spacetime domains (Zhou et al., 1995) . However, and even in 3D with today's powerful supercomputers, FWI is computationally expensive and its misfit function is highly nonlinear with respect to velocity perturbations. To partly mitigate these problems, Sheng et al. (2006) proposed an early arrival waveform tomography method for nearsurface refraction data. This approach with the acoustic wave equation can accurately invert land data if the early arrivals are mostly free of elastic effects (Buddenseik, 2004) . In this work, our goal is to characterize the shallow subsurface for its water storage and reuse by applying the approach of Sheng et al. (2006) to seismic early arrival data collected at Wadi Qudaid, 100 km north of Jeddah, Saudi Arabia. Compared to traveltime tomography, we believe that the more accurate EWI tomogram will make an economically important difference. Since the subsurface soils are partially saturated, the attenuation factor Q is required to correct for attenuation effects in the data prior to inversion. Compared to FWI, early arrival waveform inversion (EWI) also avoids a high-frequency assumption but has more reliable convergence properties because it needs to explain only the early arrivals in the recorded traces.
Theory
The early arrival waveform inversion of Sheng et al. (2006) assumes the constant-density acoustic wave equation, ,
where p(x,t│x s ) denotes the pressure field at position x, time t, and a source at x s . The velocity model is represented by c(x), and s(x,t│x s ) is the source function. The solution to equation 1 can be calculated by a finite-difference method (Levander, 1988) . The solution can also be written in terms of its Green's function g(x,t│x',0) associated with a source at x' as
where the symbol * denotes temporal convolution. We ignore the shear wave effects in the wave equation (Zhou et al., 1995) , because the early arrivals in the 2D near-surface seismic data contain few elastic effects.
FWI estimates the velocity model by minimizing the early arrival misfit function (Boonyasiriwat et al., 2010) , where the waveform data residual is defined as
Here, x g is the receiver position vector, p obs and p calc are, respectively, the observed and calculated data, and ( | ) is a window function that mutes all the energy except for the early arrivals. The velocity model c(x) is iteratively updated by minimizing the misfit functional E, represented by the L 2 norm of the data residuals over time and space,
A nonlinear conjugate-gradient method (Luo and Schuster, 1991) is used to minimize the gradient function. The gradient of the misfit functional E with respect to changes in the velocity c(x) is the first variation (Logan, 1996) of E at the vector point c(x) in the direction of . This gradient [ ] is computed by migrating the waveform residuals in time (Tarantola, 1984) ,
where ̇ is the time derivative of p, and represent the forward-propagated and backprojected wavefields, respectively.
The velocity model can be iteratively updated along the conjugate directions defined by (6) where k = 1,2, …, k max , g= [grad(x) ], and P is the conventional geometrical-spreading preconditioner (Causse et al., 1999) . The parameter is calculated by the PolakRibiere formula (Norcedal and Wright, 1999) (7) and velocity model is updated by (8) where is the step length which can be determined by a quadratic line-search method (Nocedal and Wright, 1999) ,
indexed by x. The initial velocity model c 0 (x) is the traveltime tomogram, and equation 8 is iteratively applied until the misfit functional E satisfies a stopping criterion.
Numerical Test: 2D Near-Surface Refraction Survey, Wadi Qudaid
The 2D seismic survey is conducted at Wadi Qudaid (Figure 1a and 1b) around 100 km north of Jeddah, KSA. The 2D survey consists of one line of 117 vertical component geophones with 2.0 m spacing and one shot at every receiver position. In this field experiment, we used a 200 lb weight drop (Figure 1c ) to generate the seismic energy with 15 stacks at each shot location. For this data set, the dominant wavelength and the dominant frequency of the first arrival head waves are estimated to be 6 m and 60 Hz, respectively, where the minimum P-wave velocity is estimated to be 350 m/s.
The land data are first processed to reduce elastic effects in the field data. In this work we followed a 4-steps processing scheme;
1. Trace normalization 2. Attenuation compensation 3. Corrections for 3D geometrical spreading 4. Bandpass filtering (15 -70 Hz)
According to Liao and McMechan (1997) , the linear attenuation transfer function , which transfers the input spectrum S(f) to the output R(f) at frequency f by R(f) = T(f) S(f). The attenuation factor Q can be obtained by , where f r and f s are respectively centroid frequencies of the first arrival at the receiver and the source, and is the variance of the source spectrum. Figure 2 shows the centroid frequencies f r plotted against traveltimes t of the first arrivals. The variance of the source spectrum is equal to 312.7 Hz 2 (Figure 2) , which is the average value from all the sources. Here, we use a subband of 0 ∼ 120 Hz to calculate to avoid errors from the noise. The Q value is estimated to be about 18, which is a typical value for near-surface sandy soil with significant absorption. The estimated Q value is used to correct the recorded data for attenuation, where Figures 3a and 3b show CSG #17 before and after the attenuation correction. A band pass filter of 15 to 70 Hz is applied to the data set, and 3D to 2D correction is also applied. Only the events that arrived within three to four periods after the first arrival are used. Figure 3c shows CSG #17 after all the processing steps. A natural source wavelet is extracted by averaging 10 to 20 near offset first arrivals aligned by cross-correlation in the space-time domain (Figure 4 ). Figures 5a and 5b show the traveltime and EWI tomograms after 30 iterations, respectively. The traveltime tomogram is used as the initial velocity model for the EWI inversion. Compared to the traveltime tomogram, EWI provides a highly resolved velocity model. The red line in Figures 5a  and 5b represents the boundary between the first layer ( Figure 6a ) which consists of lose sand with gravels and the second layer (Figure 6b ) which consists of compact sand with some gravel and partially to fully saturated with water. The Black line represents the boundary between the second layer and the third layer which consists of highly fractured igneous rocks. Figure 7 , many early arriving events in the synthetic data correlate well with the observed data. We estimate that there is around 18% more storage capacity for water in the EWI tomogram than in the traveltime tomogram. This extra capacity can make a significant difference when deciding to invest in transforming this wadi into an underground water reservoir. 
Synthetic Test
We used the EWI tomogram to generate 117 CSGs using a finite difference solution of the acoustic wave equation. The source and receiver geometries are identical to that of the field data collected at Wadi Qudaid. This data set is used to test the EWI approach described in this work. Figure 8a shows the true velocity model used to generate the synthetic CSGs, Figure 8b is a smoothed velocity model used as the initial velocity model for the EWI, and Figure  8c is the final tomogram after 30 iterations of EWI. The similarities between the true (Figure 8a ) and the EWI (Figure 8c ) velocity tomograms indicates that the EWI approach we use is suitable to process the shallow seismic data.
Conclusions
The early arrival waveform inversion (EWI) method is used to invert seismic data collected at Wadi Qudiad. EWI can be successfully applied to near-surface surveys if careful processing steps are carried out before inversion such as bandpass filtering, corrections for 3D geometric spreading, attenuation compensation, trace normalization, and source wavelet extraction. Our results show that EWI can provide a highly resolved subsurface velocity model compared to traveltime tomography. The drawbacks of EWI compared to traveltime tomography include complicated processing steps, higher computational cost, and slow convergence. Moreover, EWI fits complex waveforms instead of arrival times, which can be often characterized by getting stuck in a local minimum. Our future work includes using the multiscale method (Boonyasiriwat et al., 2010) to carry out EWI and gradually increasing the data window to image deeper structures. We also will use our towed land streamer system to efficiently collect shallow seismic data, and eventually invert these data in almost real time using the EWI approach. Compared to traveltime tomography, we believe that the more accurate EWI tomogram will make an economically important difference in assessing the storage potential of this wadi. It might also suggest the same for economic characterization of wadis throughout the world.
